The copper-catalyzed 1,3-dipolar cycloaddition of an azide to a terminal alkyne (CuAAC) is one of the most popular chemical transformations, with applications ranging from material to life sciences. However, despite many mechanistic studies, direct observation of key components of the catalytic cycle is still missing. Initially, mononuclear species were thought to be the active catalysts, but later on, dinuclear complexes came to the front. We report the isolation of both a previously postulated p,s-bis(copper) acetylide and a hitherto never-mentioned bis(metallated) triazole complex. We also demonstrate that although mono-and bis-copper complexes promote the CuAAC reaction, the dinuclear species are involved in the kinetically favored pathway.
1
H and 13 C nuclear magnetic resonance (NMR) spectra show only one set of signals for both CAAC ligands, even at temperatures as low as −80°C, which is indicative of a very fast exchange between the two "Cu(CAAC)" units. However, in the solid state, a single crystal x-ray diffraction study shows two different types of coordination, p and s (Fig. 1C, left) . The Cu-Cu distance [2.9387(4) Å] is slightly longer than those computationally predicted by Fokin and colleagues for model compounds (2.85 to 2.88 Å) (19) . 1 Cu2 a proved to be air-stable and thermally robust [melting point (mp): 174°C].
Despite its thermodynamic stability, 1 Cu2 a reacts cleanly with benzyl azide in methylene chloride, affording 2 Cu2 a (figs. S11 and S12), which was isolated in 87% yield as an air-and moisture-stable, pale yellow solid. 1 H and 13 C NMR spectra show the presence of one benzyl and one phenyl group, as well as two magnetically nonequivalent CAAC moieties. X-ray diffraction studies of the corresponding tetrafluoroborate salt confirmed the 3,5-dimetallated-1,2,3-triazole structure 2 Cu2 a (Fig. 1C, center) .
Because dinuclear complexes of type 2 Cu2 a had never been postulated in any CuAAC mechanism, the next question was whether it was involved in the catalytic cycle. Addition of a stoichiometric amount of phenyl acetylene to 2 Cu2 a led, after 5 hours, to the quantitative release of the 1-benzyl-4-phenyl-1,2,3-triazole 3 accompanied by the regeneration of the bis-copper complex 1 Cu2 a. As an additional confirmation, the same reaction was repeated using 2 Cu2 a and a different alkyne (Ph 2 CHC≡CH), which resulted in the isolation of 3 along with the corresponding p,s-bis-copper complex 1 Cu2 b (Fig. 1C, right; figs. S13 and S14) in quantitative yields.
After having shown that the bis-copper complex 1 Cu2 a could be part of the catalytic cycle, we turned our attention to the corresponding mono-copper complex 1 Cu a. We found that a stoichiometric amount of benzyl azide slowly reacted with complex 1 Cu a, leading, after 16 hours, to the C-metallated heterocycle 2 Cu a (figs. S15 and S16), which was isolated as a pale yellow solid in 61% yield (29) . Addition of one equivalent of phenyl acetylene to 2 Cu a led, after 5 hours, to the quantitative isolation of triazole 3 and regeneration of the mono-copper complex 1 Cu a.
These results as a whole suggest that both the mono-and biscopper complexes could lead to the triazole 3, at least under stoichiometric conditions. However, the kinetic profile of the reactions of 1 Cu a and 1 Cu2 a with benzyl azide revealed critical rate acceleration when the bimetallic complex is used [k obs (1 Cu2 a)/k obs (1 Cu a) > 94] (Fig. 1B and  fig. S17 ) (30) . In contrast, the protodemetallation of 2 Cu2 a and 2 Cu a affording triazole 3 and regenerating 1 Cu2 a and 1 Cu a, respectively, proceeds at a similar rate ( fig. S18 ). It should be noted that in both cases, the protodemetallation arises from the reaction with the terminal alkyne and, thus, does not necessitate an external Brønsted acid. These reactions lead back to the acetylide complexes 1 Cu2 a and 1 Cu a, which exclude the copper precatalyst (CAAC)CuOTf from the catalytic cycle.
The experiments discussed above reproduce parts of both postulated catalytic cycles under stoichiometric conditions. Each step proved to be extremely clean and high-yielding, and could be achieved either under strictly dry and anaerobic conditions or using nondried solvent under air. To confirm that the isolated complexes are active catalytic species, phenyl acetylene was reacted with benzyl azide at room temperature in methylene chloride using 10 mol % of 1 Cu a and 2 Cu a, and only 5 mol % of 1 Cu2 a and 2 Cu2 a. The kinetic profiles of the reactions reveal that the catalytic activity of the dinuclear complexes 1 Cu2 a and 2 Cu2 a is drastically higher (94 and 99% yields of 3 after 10 hours) than that of mononuclear complexes 1 Cu a and 2 Cu a (2 and 12% yields of 3 after 10 hours) ( Fig. 2A and fig. S19 ). These results are in agreement with those obtained for the stoichiometric reactions. Note that although the reactions promoted by 1 Cu2 a and 2 Cu2 a proceed at the same rate, a short initiation period is observed with 1 Cu2 a, which is concomitant with the formation of 2 Cu2 a; after the initiation period, the concentration of 2 Cu2 a remains constant over the course of the catalytic reaction (Fig. 2B ). Similar observations can be made from the reactions catalyzed by complexes 1 Cu a and 2 Cu a (Fig. 2C ), demonstrating that metallated triazoles 2 Cu a and 2 Cu2 a are the resting states of their respective catalytic cycles.
The results described above demonstrate that the catalytic reaction operates efficiently once 1 Cu2 a is formed. When phenyl acetylene was reacted with benzyl azide at room temperature, in the presence of 10 mol % (CAAC)CuOTf, we observed the near quantitative formation of triazole 3, but only after 35 hours. The kinetic profile ( Fig. 2A) shows a long initiation period, followed by drastic rate acceleration. Because the formation of the bis(nuclear) acetylide 1 Cu2 a from 1 Cu a is a fast reaction (vide supra), we conclude that the formation of 1 Cu a is the limiting step of CuAAC reaction when (CAAC)CuOTf is the precatalyst. Indeed, when two equivalents of (CAAC)CuOTf were added to phenyl acetylene, in the absence of benzyl azide, no apparent reaction occurred after 8 hours at ambient temperature (Fig. 2D) . The trifluoromethanesulfonate anion is too weakly basic to efficiently promote the metallation of the alkyne (31) . Addition of one equivalent of triethylamine to the previous solution cleanly afforded 1 Cu2 a along with Et 3 NH + OTf
− within a few minutes. The effect of the presence of an additional base is also apparent on the kinetic profile of the catalytic reaction using 10 mol % (CAAC)CuOTf and 5 mol % triethylamine (Fig. 2E) . As expected, a significant shortening of the initiation period is observed.
In conclusion, the isolation of the mono-and bis-copper acetylide complexes 1 Cu a and 1 Cu2 a demonstrates that although both species are active in the catalytic cycle, the dinuclear complex is involved in the kinetically favored pathway (Fig. 3) . The stability of 1 Cu2 a seems to be in contradiction with previous reports (21) . The peculiar electronic properties of the CAAC ligand possibly play a role (32) , but the use of a weakly coordinating trifluoromethanesulfonate ligand is crucial. Indeed, when (CAAC)CuX complexes bear the more popular chloride or acetate X ligand, no bis(copper) complexes could be observed, although kinetic data demonstrate their involvement. Moreover, when the trifluoromethanesulfonate is used, investigations of the dinuclear pathway permitted the isolation of a never-postulated bis(copper) triazole complex of type 2 Cu2 , which is the resting state of the catalytic cycle.
The alkyne serves as the proton source for the demetallation of 2 Cu2 , which regenerates the p,s-bis(copper) acetylide of type 1 Cu2 , leaving out complexes of type 1 Cu from the catalytic cycle. These results led to the broader question of whether bis(metallic) complexes of type 1 Cu2 are also key species in other copper-catalyzed organic reactions (33) . oil, mounted on nylon loops, and then immediately placed in a cold stream of nitrogen. Structures were solved and refined using Olex2 and SHELXTL. The CAAC and 3,3-diphenyl-1-propyne were prepared following literature procedures, whereas all other starting materials were purchased from commercial sources.
MATERIALS AND METHODS
Synthesis of (CAAC)CuCCPh 1 Cu a n-BuLi (2.4 mmol, 2.5 M in hexane) was slowly added to a solution of phenyl acetylene (234 mg, 2.3 mmol) in THF (15 ml) at −78°C. After 30 min, a solution of (CAAC)CuOAc (1.0 g, 2.3 mmol) in THF (10 ml) was added, and the mixture was stirred at ambient temperature for 1 hour. Volatiles were removed under vacuum, and the remaining solid was extracted with benzene (3 × 10 ml). After removal of benzene under vacuum, the solid was washed with hexane (20 ml). Table S1 . Crystal data and structure refinement for 1 Cu2 a. Table S2 . Crystal data and structure refinement for 2 Cu2 a (X = BF4). Table S3 . Crystal data and structure refinement for 1 Cu2 b (X = BF4).
